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PROTEIN KINASE C IS A MEDIATOR OF
LIPOPOLYSACCHARIDE-INDUCED VASCULAR SUPPRESSION IN THE
RAT AORTA

Thomas M. McKenna, Joanne M. Clegg, and Taffy J. Williams
Septic Shock Research Program, Naval Medica! Research Institute, Bethesda, Maryland 20889

Received 1/10/94; accepted in the final form 5/11/94.

ABSTRACT—Treatment of vascular tissue with lipopolysaccharide (LPS) in vitro induces hyporesponsive-
ness to contractile agonists. We investigated whether protein kinase C (PKC) transduces the LPS signal into
contractile dysfunction. Rat aortic tissue was incubated .5-18 h with LPS (10 or 30 ng/mL) or «- and 3-phorbol
12,13-dibutyrate (PDB, .1 or 1 pM), either alone or combined with cycloheximide (50 pM) or the kinase
inhibitors sphingosine (20 uM), H7 (1-(5-isoquinolinylsulfonyl)-2-methyl piperazine, 25 uM), and HA1004
( N-(2-guanidinoethyl)-5-isoquinolinesulfonamide, 25 uM). LPS and 8-PDB induced a sustained translocation
of PKC activity from the cytosol to the membrane, an increased protein synthesis-dependent expression of
nitric oxide synthase (NOS) activity, and an impaired contractility that could be partially reversed by treatment
with the NOS inhibitor A"-nitro-L-arginine methyl ester. Incubation with «-PDB, an inactive isomer of 8-PCS3,
did not alter any of the tissue functions. Sphingosine blocked LPS- and 3-PDB-induced NOS activity and
LPS-induced impairments in tissue contractility and PKC translocation. Incubation with H7 also protected
against LPS-induced vasoplegia, while HA1004, used as a negative control for H7. provided little protection
against LPS. These data indicate that "«C piays a roie as an ntracellular mediator of LPS-induced NOS

acuvity and vascular suppression.

INTRODUCTION

Cardiovascular tissue from septic animals shows diminished
contractile function when tested in vitro, indicating that the con-
tractile defect i intrinsic to the tissue and does not require the
continuous presence of circulating sepsis-assoctated factors.
Contractile dysfunction can also be induced by in vitro treatment
of vascular smooth muscle (VSM) with lipopolysaccharide
(LPS). interleukin-1, or tumor nccrosis factor. The contractile
impairments require de novo protein synthesis (1), and an in-
ducible, Ca’ " -independent nitric oxide synthase (NOS) has been
shown to be a proximal intracellular mediator for hypocontrac-
tility (2). The augmented NOS activity produces nitric oxide that
in turn activates soluble guanylate cyclase to generate cGMP
which then inhibits vascular contraction. The mechanism by
which sepsis-associated extracellular mediators are coupled in-
tracellularly to the enhanced NOS expression is unclear.

Protein kinase C (PKC) activity resides in a family of
isozymes which may act as intracellular intermediaries to trans-
mit LPS and cvtokine signals into de novo synthesis of NOS (3)
or cofactors that enhance NOS activity (4, 5). Vascular smooth
muscle is rich in PKC. manifesting isozymes distributed among
calcium and phospholipid-dependent species which include
PKC, and PKC,, (6. 7). and Ca*" -independent species such as
PKC, and PKC_(8). Onc of the consequences of activation of
PKC is enhanced gene transcription. Treatment with the PKC

The experiments reported herein were conducted according to the principles
set forth in the “Guide for the Care and Use of Laboratory Animals.” Institute
of Laboratory Animals Resources. National Research Council, Department of
Health and Human Services. Publication (NIH)86-23 (19K85).

Address correspondence and reprint requests to Dr. Thomas McKenna,
Septic Shock Rescarch Program. Code 623, Naval Medical Research Institute.
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activator phorbol 12-myristate 13-acetate. or exposure to 20
scrum (under growth-arrested conditions) stimulates PKC-
dependent protooncogene expression in rat VSM cells (9). In rat
macrophages. activation of PKC by phorbol 12.13-dibutyrate
induces NOS expression (10).

Although to our knowledge it has not been shown whether
LPS can activate PKC in VSM celis. lipid A (the toxic lipid
portion of LPS) and LPS itself cause PKC translocation and
activation in B lymphocyte membranes (11) and in in vitro mod-
els for PKC activation (11-13). In the present study, we present
cvidence that LPS activates rat aortic VSM PKC, that activated
PKC in turn elevates NOS activity. and that treatment of VSM
with PKC inhibitors blocks LPS-induced NOS activity and vas-
cular tissue contractile dysfunction.

MATERIALS AND METHODS

Tissue preparation and incubation

Male Sprague-Dawley rats (250—400 g, Taconic Farms. Germantown, NY:
or Charles River, Wilmington. MA) were used in these studies. The rats were
decapitated. the thoracic orta dissected out. and four to seven 3.5 mm long rings
were prepared from cach rat. Most aortas were de-endothelialized before sec-
tioning into rings by perfusion with phosphate-buffered saline (PBS) containing
17 sodium deoxycholate for 30's followed by a PBS and bubble rinse for S min.
The efficacy of this technique in removing the endothelium has been docu-
mented (1). Rings were incubated individually in 2 ml of Dulbecco’s modified
Eagle’s medium (DME) supplemented with 7% fetal calf serum (FCS). 100
pg/ml streptomycin, and 100 U'ml. penicillin, and were distributed so that
tissue isolated from each sorta was allocated to every combination of treatments
within an experiment. During incubation, the rings were exposed to LPS (10 or
30 ng/ml). a- or B-PDB (.1 or 1 uM). cither alone or combined with oy clo-
heximide (SO uM). sphingosine (20 uM). H7 (25 uM) or HATOO4 (25 uM).
The media and rings were rotated gently for 18 hin an incubator at 37°C under
a 95% 0.-57 CO, atmosphere. For measures of PRC activity, six rings were
sectioned from cach aorta, and allocated in duplicate to different treatments, The
rings were incubated 5 to ¥ hin 2 ml media supplemented as detailed above.
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Protein kinase C isolation and assay

PKC was isoluted trom de-endatheliatized aortic rings essentially as de-
scribed by Thomas et ab. (14). After incubation, two identically treated rings
were washed and homogenized in a Dounce tomogenizer. The Fomegenate was
centrifuged at 15,000 X ¢ for 13 min, and the soluble traction retained for
measures of eytosolic PKC. The peltet was rehomogenized in fresh bufter. and
Nonidet P-40 was added o the particulate suspension o final concentration
of 19 to solubilize any PKC tightly assoctated with the membrane fraction.
Soluble and particulate preparations were subjected to wa-exchange chroma-
tography on DEAE-cellulose. with feupeptin {25 pgml. tinal concentration)
immediately added to all ¢luted sample fractions. PKC activity in the column
cluates was measured immediately following elution with a commercially avail-
able kit (Amersham. Ardington Heighis, 1L} PKC activity was assaved using
the manutacturer’s protocol. Phosphorylation of the peptids substrate by
calcium- and phospholipid-independent Kinase activity was corrected for by
suntracting the radioactivity transferred in a lipid-tree assay system containing
EGTA. The trupsterred radioasctivity was gquantitated by scintitlation spectro-
photometry. Protein content of the soluble and particulate fractions was rcas-
ured by bicinchoninic acid assay (Pierce. Rockford. iL) and used o nonmalize
PKC values which are expressed as pmol of P transferred mg™' protein min .

Assay for conversion of [L-*H]arginine to [1-°*H]citrulline

f1-'H]Cirrulline formation wis measured by a modification of the technigue
of Bredt and Savder (15). After incubation. aortic rings were washed for 1 hin
1 L of Kiebs-Ringer bicarbonate bufter (KRB: millimolar composition: NaCl
trss A Cally L0 MeSO ;- /HLO Lz KiPO, 1.2: NaHo G, 25: glucose
11.7) at pH 7.4 and 37°C while continually bubbled with 954 0,-377 CO.. The
rings were then incubited for 15 minin 250 pl of KRB a1 37°C containing
- "Hlarginine (3 pCimL). The assay was terminated by treating the rings for
2 min with 750 gl of ice-cold KRB supplemented with S mM arginine and 4
mM EDTA. Thereatter, the rings were blotted. dropped into 1 mL of ice-cold
trichloroacetic acid. homogenized with a Polviron ( Brinkman, 30.000 rpm). and
centrituged (25K) < g for 15 min at 0°C). The supernataat was recovered and
entracted three tines with 2 mL of water-saturated diethvi ether, and .5 mi.
aliquots of the agueous fracuon were neutralized with 2 mL oi 20 mM 4-(2-
hydroxyethy)-1-piperozineethanesulfonic acid (pH 6.0). The 2.5 mL samples
were upplicd to 2 ml colinns of Dowex AGSOW-XR (Na '’ form) and cluted with
2 mloof HO. - "HiCitrulline content i the cluant was quantified by liguid
scintillation spectroscops. The protein content of the pellet was determined as
detailed above. {1-"HiCitrulline production. was expressed as fmot mg ' of
protein min '

Measurement of gortic ring contraction

Because rings wiih an intact endothelium are more sensitive to LPS-induced
suppression than are de-endothelialized rings (1), contractions by ¢ndothelium-
intact rings were measured after incubation with 10 ng/mL LPS. while de-
endothehalized ring contractility was measured after incubation with 30 ngrmlL.
LPS. After incubation, nings were mounted hetween two stainless steel hooks
in 10 ml jacketed tissue baths, One hook was fixed in the bath. and the other
hook was attached to a strain gauge (Kulite Semiconductor. Ridgeticld. Ny for
measures of ring tension. Contractions by up to cight rings were measured
simaltanceusly and recorded on multichanne strip chart recorders. The 1ings
were maintained in KRB at a resting tension of 2.4 g and allowed to equilibrate
tor 30 min. The rings were then contracted by two applications of norepineph-
rine (.1 uM): acetyicholine (1 uM) was added 1o the baths it maximal con-
traction to the first dose of NE to test for the functional integrity of the vascular
endothelium (16). The tissue baths were flushed with tresh KRB between ap-
plications of NE until ring tension returned to resting values. These procedures
required approximately 90 min and served to equilibrate the rings to resting
tension and to wash LPS and PKC inhibitors from the tissues, Rings were then
contracted by withdrawing KRB from the tissue baths and adding increasing
volumes of a high KCPKRB (120 mM. made by cquimolas substitution of KCl
tor NaCly to the baths to yvield final KCH concentrations of 10 to 80 mM. In
another set of experiments, rings were repetitively precontracted with 80 mM
KC1 and then washed. until maximum contractions o KCl stabilized. Atter
further washing and attainment ot o stable baseline tension, rings were treated
with the NOS nhibitor 1 -NAME (¥ -nitro- -arginine micthyl ester) or the in-
active isomer 0-NAME (.1 mM) for 15 min, and then contracted with K0 mM
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KCL At maximum contraction. all rings were treated with .1 pM PDB, and any
further increments in tension were recorded. All rings were blotted and weighed
alter experiments were completed.

Statistics
Aortic ring contractife performance to KCE was characterized by deriving
E,.. (maximum generated tension) and FC, values (concentration of agonist

causing a half-maxi nal contraction) with 4 nonfinear regression analysis pro-
gram (17) that fitted second or third-order polyvnomials 1o ring dose-responses.

Sy

Examination of ditferences among (reatment means in measures of aortic ring
PKC activity. [ ‘Hicitrulline production. and contractile performance was by the
appropriate one-wav. Kruskall-Wallis. or randomized blocks analysis of vari-
ance: it significant differences were present, then pairs of means were tested by
Student-Newman-Keuls « posteriort tests (18). Data were subjected to logu-
rithmic transformation prior to analysis if means were positively correlated with
varignces, Comparisons hetween two treatment effects were by paired 1 tests.
Ditterences with probabilities of .05 or less were aceepted as significant. All data
are expressed as means = SE

Materials

DME was purchased from GIBCO. Grand Island, NY. Defined FCS was
obtained from Hyclone Laboratories. Logan. UT. The ot used contained less
than 25 pg'mL LPS. Penicillin'streptomycin and PBS were obtained from
Quality Biological. Gaithersburg. MD. 4o- and 48-PDB. and 1 - and o-NAME
were purchased from LC Services, Woburn, MA. Norepinephrine bitartrate.
leupeptin, and D-sphingosine were bought trom Sigma Chemical Co.. St Louis,
MO. H7. HATOO4, and cvcloheximid: were purchased from Calbiochem-
Behring Corp.. San Diego. CA. Nonidet P-40 was obtained from BDH Chemi-
cals Lid. Poole. England. DEAE-cellulose was bough' from Picree. Rocktord.
L. Dowex AGSOW-XS vas acquired tfrom Bio-Rad. Richmond. CA. [1-2.3-
*HjArginine (36 Cirmmol) and |y-“P]ATP (tricthylammonium salt. 3000 Ci
mmol) were purchased from DuPont New England Nuclear, Boston. MA. LPS
(Escherichia coli LPS scrotype 055:B3) was obtained from Diteo. Detroit, ML
The LPS was stored as a stock preparation in DME (1 mgmL). Forexperiments.
the LPS stock was diluted into DME and sonicated for 3 min at maximum power
in a cup horn sonicator (Cole-Parmer Instruments. 4710 series. Chicago. 1L.).
b-Sphingasine was prepared by modidicaiion of the techmque of Merrill et al.
(19). The lipid wus solubilized in absolute ethanol to a concentration of 33 mM:
this solution was then added in a ratio of 1100 (vav) to FCS, incubated at 37°C
tor 1 h.and stored at =20°C. H7 and HATO04 were dissolved in PBS at 1 mg ml.
and stored at 4°C in the dark. Phorbols were diluted in dimethyvt sulffoxide (2.5
mg:ml.) and stored at -807C.

HESUL'S

PKC activation by LPS and PDB

Incubation with 10 ng/mL LPS caused PKC to transiocate
from the cvtosol to the membrane. resulting in significant cl-
cvations in membrane-associated activity after [ and 4 h. while
cytosolic PKC levels declined nonsignificantly (Fig. 14). The
PKC distribution returned to normal after 18 h despite con-
tinuous LPS exposure. Directly activating PKC with 1 uM PDB
also caused a cvtosol to membrane translocation (Fig. 1B).
PDB-induced PKC translocation was significant after 4 h ex-
posure and was associated with an apparent. although nonsig-
nificant decrease in both PKC pools at 18 h. To test for pon-
specific effects of PDB. rings were treated for 4 h with 1 uM
«-PDB. the inactive isomer of PDB. PKC distribution was not
altered in these rings (control and a-PDB-treated ring cvtosolic
PKC activitics were 7000 %= 292 and 764 = 170 pmot mg™'
protein min™'. respectively: membranc-associated PKC activi-
ties were 406 + 186 and S17 + 144, respectivelv, N = 6 rings
per group). The ability of the PKC inhibitors sphingosine (19)
and H7 (20) to prevent LPS-induced PKC translocation was also
exaninited A LPS dose ot 30 ng/mL induced @ 33-fold increasce
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Fic. 1. Aortic ring membrane and cytosol PKC activities after
incubation in LPS- and PDB-treated media. A, PKC activity in rings
incubated in control medium (0 time), or in medium containing 10 ng/mL
LPS for .5 to 18 h. B, PKC activity in rings incubated with 1 uM PDB as
described above. *, significant increases in membrane-associated PKC
activity in LPS and PDB-incubated rings in comparison to control (0-time)
rings. The data are plotted as means = S.E.; small SEM do not extend
beyond the symbols. N = 15 rats; values are based on 5 to 15 pairs of
rings per data point.

in the PKC membranc-to-cytosol ratio in treated compared to
control rings (Fig. 2). Coincubation of rings with LPS and 20
uM sphingosine or 25 uM H7 completely blocked LPS-induced
PKC translocation. while 25 uM HA 1004, which has less PKC
inhibitory capacity than H7 (20), did not prevent a significant
LPS-induced PKC translocation (Fig. 2).

Nitric oxide synthase activity

NOS activity, as reflected by an enhanced conversion of
[*HJargininc in*o [*H]citrulline (15), was significantly increased
in rings incubated with 30 ng/mL LPS and .1 or I uM PDB (Fig.
3). FB-stimulated NOS activity was apparently maximal at .1
1M, because incubation with 1 uM PDB did not yield additional
[*H]citruliine. Blockade of PKC with 20 uM sphingosine ef-
fectively barred induction of NOS activity by both LPS and
PDB. Cycloheximide (50 uM) significantly suppressed control.
LPS. and PDB-incubated ring [*H]citrulline production (Table 1).

Nitric oxide contributes to LPS and PDB-induced
contractile dysfunction

Rings incubated with 30 ng/mL LPS or .1 uM PDB showed
significantly depressed cuntractions when stimulated with KCl
(Fig. 4). Treatment with .-NAME, but not p-INAML, signifi-
cantly increased (by 42 and 36%. respectively) LPS- and PDB-
incubated ring contractions to KCl. a finding consistent with
blockade of the enhanced NOS activity shown in Fig. 3. Rings
incubated with a-PDB did not show depressed contraction.
Rines incubated with PDB did not contract normally to a sub-
sequent stimulation with PDB. in contrast to control. and
a-PDB- and LPS-incubated tissue.

MCKENNA ET AL.
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Fic. 2. Blockade of LPS-induced cytosol to membrane translo-
cation by PKC inhibitors. Rings were incubated in control medium
(open bar), medium supplemented with 30 ng/mL LPS (crosshatched),
or LPS-supplemented media with sphingosine (Sp, 20 uM. vertical), H7
(25 uM, diagonal), or HA1004 (25 pM, squares). *, a significant increase
in membrane to cytosol ratio in comparison to control. The data are plot-
ted as means + S.E. N = 10 rats; values are based on five pairs of rings
per data point.
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Fia. 3. NOS activities in aortic rings incubated 18 h with PDB (.1
and 1 pM), «-PDB (1 pM), and LPS (30 ng/mL). Rings were aiso in-
cubated with combinations of LPS and 20 pM sphingosine (Sp). and 1
uM PDB and sphingosine. *, significant increases in NOS activities com-
pared to untreated rings (basal). The data are plotted as means ~ S.E.
N = 5rats.

PKC blockade protects against LPS-induced
contractile aysfunction

Because the endothelium significantly modulates vascular
contractility. the capacity of H7 to protect against LPS-induced
contractile dysfunction W=~ evained i voth Gadoiichum-
intact and de-endothelialized rings. Endothclium-intact aortic
rings incubated with 10 ng/mL LPS$ exhibited significant de-
creases in maximal contraction and sensitivity to KCl in com-
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TasLe 1. Influence of cycloheximide treatment on conversion of
[*H]arginine to [*H]citrulline in rat aortic rings incubated 18 h in
control medium or media supplemented with LPS or PDB

[*H]Citrulline

Treatment (fmol mg™" protein min~")
Control* 77 +1.2
LPS (30 ng/ml) 24.9 + 6.0t
PDB (1 uM) 13.8 + 2.5t
Control + Cycloheximide (30 uM) 2.7 +0.3§
LPS (30 ng/ml) + Cycloheximide (50 uM) 2.0 + 01§
PDB (1 pM) + Cyclohexnmlde (50 uM) 1.8 + 0.2§

* Rlngs from mdlvrduat rats were allocated to each treatment; N = 3 rats.
1 [*H]Citrulline formation significantly greater than control (p < 0.05).
§ [PH]Citrulline formation significantly less than control (p < 0.05).

1000 -

D"nlre-ated
PAAL-~AME
(MM D - NAME

0 .
800 EEHPDOB

600 H

400 ~

mg Tension/mg Tissue

Con «PDB LPS

Incubation

Fic. 4. Contractions by aortic rings incubated 18 h in control
media (Con), and media containing «-PDB (.1 uM), LPS (30 ng/mL),
and PDB (.1 yM). The rings were contracted with 80 mM KClI (open bars),
washed, and contracted again with 80 mM KCl after 15 min treatment with
.1 mM L-NAME (striated) or o-NAME (vertical lines). Increases in {ension
in response to PDB (.1 uyM) added at maximum KCl-induced contraction
are denoted by checked bars. t, a significantly reduced initial contraction
compared to control: *, a significant increase compared to initiai con-
traction. The data are plotted as means * S.E. N = 6 rats.

parison to control rings (Fig. 54, Table 2). In contrast. rings
coincubated with LPS and H7 retained normal contractile func-
tion. HA1004, used as a negative contro! for H7, did not block
the suppressive effects of LPS on the tissue (Fig. 58 and Table
2). De-endothelialized ring maximal contraction and sensitivity
to KCl were depressed after incubation with 30 ng/mL LPS (Fig.
5C and Table 2). The LPS-induced dysfunctions were blocked
in rings coincubated with H7. while HA1004-trcated rings
showed nonsignificant improvements in maximal contraction
and normal sensitivit to KO (Fig. SD ond Table 2).

The ability of PKC blockade to amcliorate LPS-induced con-
tract’l. tvsfunction was further explered fi Jo Cudutiiciiaiiecd
aortic nings coincubated with 20 uM sphingosine. Sphingosine
by itself suppressed control ring contractions. Despite the sup-
pression due to sphingosine. rings incubated with combined
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Fic. 5. Contraction to KCI by endothelium-intact (A and B) and
de-endothelialized (£ and D} aortic rings incubated 18 h in combi-
nations of control, LPS-, H7-, and HA1004-treated media. A, re-
sponses by endothelium-intact rings incubated in medium only, medium
plus H7 (25 uM), medium containing LPS (10 ng/mL). and medium con-
taining LPS plus H7. B, for clarity in presentation, responses by rings
incubated in medium only and LPS-treated medium are reproduced from
A. Additional rings were incubated in medium plus HA1004 (25 uM).
and medium containing LPS plus HA1004. C, responses by de-
endothelialized rings incubated in medium only, medium plus H7 (25 uM).
medium containing LPS (30 ng/mL), and medium containing LPS plus
H7. D, for clarity in presentation, respanses by rings incubated in medium
only and LPS-treated medium are reproduced from C. Additional rings
were incubated in medium plus HA1004 (25 uM), and medium containing
LPS plus HA1004. The data are presented as in Fig. 1. N = 7 rats (intact
endothelium) and 9 rats (de-endothelialized).

TasLe 2. Maximum generated tension (E,,,) and sensitivity
(EC,,) values for KCl-stimulated rat aortic rings incubated
18 h in control media or media supplemented with LPS,
or LPS and PKC inhibitors

max (mg tension/mg tissue) EC,, (mM)
Treatment Control LPSt Comrol LPSi
R/ngs with intact endothellum
None* 280 = 1 98 = 31§ 30=1 41 =4§
H7 (25 pM) 382 > 18 348 = 31 281 32=2
HA1004 (25 pM) 404 = 16 185 36§ 363 49 - 4§
De-Endothelialized rings

None** 514 = 56 256 = 51§ 252 38 : 4§
H7 (25 uM) 522 = 30 510 = 43 25+2 263
HA1004 (25 pM) 456 = 30 315 243§ 18=2 24 =2
None* 522 + 37 214 231§ 25:2 34 :=2§

Sphingosine (20 yM) 417 =21 380 : 39 242 27:1

b4 L|popolysaccharld° 10 ng/mi (rings wnh mtact endothehum) or 30
ng/mi (de-endothelialized rings).

“N = 7rats, "* N = 9rats.

§ p < 0.05 in comparison to equivalently treated control.

sphingosine and LPS contracted significantly better than rings
incubated onlv with LPS (Fig. 6). Sphingosine also shielded the
rings against LPS-induced loss of sensitivity to KC1 (Table 2}
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DISCUSSION

It is not known how LPS initiates cellular responses in vas-
cular smooth muscle. Although LPS receptors have not been
demonstrated in this tissue. numerous candidate LPS receptors
have been identified in other cell types (see Ref. 21 for review).
These receptors may be coupled to intracellular second mes-
senger systems that activate PKC, or alternatively, LPS may
activate PKC by a mechanism in which cell surface molecules
bind LPS and facilitate a subsequent insertion of the LPS into
the cell membrane (22). Because the lipid A moiety of LPS has
been shown to activate PKC in vitro (12), it is possible that cell
membrane-incorporated LPS couid dircetly activate PKC.

PKC activity resides in a family of at least nine isozymes
which exhibit ditferences in tissue and celiular distribution and
cofactor requirements (see Ref. 23 for review). These ditfer-
ences suggest that PKC isozymes may be differentially regu-
lated and functionally distinct. and evidence exists for indi-
vidual PKC isotype behavior in vascular smooth muscle. PKCy,
isozyme levels increase in streptozotocin-induced diabetic rat
aortas, while the a-form remains unchanged (7). In the ferret
aorta, activated PKC_ translocates to the intranuclear compart-
ment rather than to the sarcolemma as does PKC,. The authors
of that study suggest that the intranuclear localization of PKC,
makes it a candidate for transmitting agonist signals into gene
expression and cell proliferation (8).

While the current study cannot identify which isotype(s) of
PKC may be responsible for transmitting the LPS signal into
enhanced NOS activity and vascular contractile depression, we
found that inhibition of PKC activity by agents directed at cither
the active site (H7 (20)) or the regulatory site (sphingosine (19))
blocked LPS-induced PKC translocation. NOS expression. and
contractile dysfunction. H7 is not a specific PKC inhibitor. be-
causc it works at the catalytic site of the enzyme, which is highly
conscrved among serine/threonine Kinases, and consequently
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H7 inhibits other Kkinases including ¢cAMP and ¢GMP-
dependent. myosin light chain. and cascin [ and H kinases (2(1).
PKC-dependent processes are highlighted L, comparison with
responses to treatment with HAT004, which has a kinase in-
hibitory profile similar to H7 but inhibits PKC to a lesser extent
(20). In our system. HA 1004 clearly did not protect ring con-
tractile function against LPS as well as H7. Sphingosine, a PKC
inhibitor which acts by competing with diacylglycerol. phos-
phatidylserine. or phorbols at {l,c PKC regulatory site also in-
hibits calmodulin-dependent enzymes, including mvosic light
chain Kinase (24). In addition. sphingosine has cytotoxic ac-
tions, probably as a consequence of PKC inhibition (25). It is
likely that these sphingosine influences persisted in rings during
testing of contractile performance. because rings incubated only
with sphingosine showed significantly diminished maximum
contractions. This inhibition was not so great. however. that it
masked the protection accorded by PKC inhibition during LPS
exposure. While H7 and sphingosine are not specific PKC in-
hibitors. the compounds are chemically dissimilar and. with the
exception of PKC. show different inhibitory targets. Therefore,
it is unlikely that H7 and sphingosine would share the same
nonspecitic side effects. and the use of these two different agents
supports a role for PKC in transducing the LPS signal into vas-
cular suppression since both irhibitors protected vascular con-
tractile function.

PDB was not as effective as LPS at inducing NOS activity.
It is possible that PDB may not stimulate an appropriate isotype
of PKC (26) as well as does the LPS-initiated mechanism or that
PDB may downregulate PKC to such a large extent that it ac-
tually blocks transduction of the suppressive signal (Fig. 4).
Alternatively PKC activation may be necessary but not sufti-
cient 1o cause a LPS-like vascular suppression: i.c.. a supple-
mental LPS-associated stimulus is required for full impairment
of contractile function to occur. This type of relationship is ex-
emplificd in a study by Kawahara et al. (27) in which stimulation
of VSM cells with both a phorbol and the calcium ionophore
A23187 essentially doubled cellular c-fos mRNA levels in com-
parison to levels resulting from phorbol stimulation only. A re-
cent study in aortic smooth muscle cells has also shown LPS-
stimulated tyrosine kinase activity to be a likely candidate for
such an additional stimulatory pathway (28). A possible require-
ment for multiple LPS-stimulated mediators to fully induce
NOS activity in VSM can cxplain the apparent paradox hat.
while PKC is intimately involved in promoting contraction. un-
der LPS stimufation PKC is also finked to the induction of NOS
activity and subscquent vascular suppression. An alternative ex-
planation for the different roles of PKC is that distinet PKC
isozymes mediate contraction and LPS signals.

Control-incubated aortic rings expressed low levels of in-
ducible NOS activity (Table 1). This NOS activity could be
induced in response to trauma assoctated with ring preparation
and incubation, to LPS contamination in the medivm. or to
comtined stimuli. We have mceasured control medium LPS by
Limulus amebocyte tysate chromogenic assay and found levels
ranging from .1 to .4 ng/ml. It is possible that this quantity of
L.PS could induce a basal NOS activity. The variable increases
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in control ring contractility that occurred after treatment with
L-NAME, H7, and HA1004 may have resulted from inhibition
of the basal NOS activity.

In conclusion, exposure of rat aortas to LPS resulis in trans-
location of PKC to vascular cell membranes, induction of NOS
activity, and impaired vascular contraction. All of these re-
sponses are also provoked by directly activating PKC with PDB.
PKC blockade protects against LPS-induced augmentation of
NOS activity and contractile dysfunction. These observations
implicate PKC as an intracellular mediator of LPS action in
vascular smooth muscle cells. Because PKC also mediates vas-
cular endothelial cell pro-inflammatory responses such as in-
creaseu weii layer permeability expression of adhesion mol-
ecules, and platelet-activating factor and cyclooxygenase
synthesis (29-32), as well as VSM contractility defects, it may
be possible to ameliorate several aspects of the vascular dys-
function characteristic of sepsis or endotoxemia by develop-
ment of inhibitors specifically directed at PKC isotypes medi-
ating the altered vascular functions.
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